Wound age estimation is an important research field in forensic pathology. The expression levels of cytokines in the incised skeletal muscle were analyzed using a mouse model to explore the applicability for wound aging. A 5-mm long incisional wound was made at the biceps femoris muscle, and the muscle and serum were sampled at 6, 12, 24 and 48 hours after injury. Using a multiplex bead-based immunoassay, we measured the tissue levels of nine cytokines (IL-1β, IL-6, IL-7, CCL2, CCL3, CCL4, CXCL1, CXCL2, and CXCL10), which are all involved in the pathways of inflammatory response and tissue injury. Immunoassay of post-injury muscle samples revealed significant increases in the levels of six cytokines, except for CCL3, CCL4 and IL-7, at 6 hours after injury. The elevated tissue levels of these six cytokines were maintained during 48 hours after injury, although the levels of IL-6 and CXCL1 were significantly decreased at 12 hours. In case of CCL3, its tissue levels were increased only at 12 hours. By contrast, CCL4 and IL-7 levels were increased only at 48 hours. Moreover, serum levels of most cytokines, except for CXCL1, remained unchanged during 24 hours after injury, followed by significant increases at 48 hours. Serum CXCL1 levels were increased at 6 hours and then decreased to the basal levels. Thus, the significant increase in the muscle levels of CXCL1 and IL-7 was observed at 6 and 48 hours after injury, respectively. Measuring muscle CXCL1 and IL-7 levels is helpful for estimating incised wound aging.
Introduction
Wound age estimation is one of the most important research fields in forensic pathology and a number of research projects and the majority of scientific studies have dealt with the timing of dermal injuries (Grellner and Madea 2007) . On the other hand, sharp force injuries in skeletal muscles have received little attention, although skeletal muscles are, like skin, distributed throughout the whole body, and often affected in cases of fatal and serious injuries such as stab and incised wounds, which are of importance in the forensic field (Gaballah et al. 2016) . Moreover, multiplex bead-based protein immunoassay was used in some studies of wound age estimation in human dermal wounds (Takamiya et al. 2007 (Takamiya et al. , 2009 ), but no studies have yet been conducted on incised wounds in skeletal muscles. Although comprehensive investigation of the chemodynamics of muscle injury has not been reported, recent histopathological and molecular biological studies on skeletal muscle contusion suggested the potential of some cytokines as markers for wound age determination (Yu et al. 2016; Tian et al. 2016) . Because skin and muscle are usually affected simultaneously and each injury would induce, at least partially, a different cytokine cascade (Gaballah et al. 2016) , information on both would be useful for more integrated or refined wound age estimation.
In a previous study, the authors performed a DNA microarray analysis on the injured skeletal muscle samples and validated the results with real time quantitative reverse transcription PCR (RT-qRT-PCR) of some significantly upregulated genes involved in inflammatory response pathways: interleukin-1β (IL-1β), interleukin-6 (IL-6), IL-7, chemokine (C-C motif) ligand 4 (CCL4), and chemokine (C-X-C motif) ligand 5 (Gaballah et al. 2016) . The results of the DNA microarray analysis also demonstrated that a large number of expressed genes were possible markers to explore the biological effect of incised injuries. However, because not all mRNAs are identical regarding translation into proteins (Schwanhäusser et al. 2011) , quantitative analysis of protein expression should be mandatory for understanding the biological response to skeletal muscle injury and repair. Furthermore, the utility of protein markers may be superior to that of nucleotides in forensic practice, due to the possible susceptibility of the mRNA to postmortem changes (Madea and Saukko 2010; Maeda et al. 2010) .
In the present study, using multiplex bead-based immunoassay, we measured the tissue levels of nine selected cytokines, IL-1β, IL-6, IL-7, chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-C motif) ligand 3 (CCL3), CCL4, chemokine (C-X-C motif) ligand 1 (CXCL1), chemokine (C-X-C motif) ligand 2 (CXCL2), and chemokine (C-X-C motif) ligand 10 (CXCL10) in the mouse muscle with an incisional wound. These cytokines were selected based on the results of DNA microarray analysis (Gaballah et al. 2016) . In addition to the injured muscle samples, serum levels of each cytokine were also measured chronologically to access the systemic effect of inflammatory response. We also measured the mRNA levels of five chemokine (CCL2, CCL3, CXCL1, CXCL2, and CXCL10) by RT-qRT-PCR, because they were not examined in the previous study (Gaballah et al. 2016 ).
Materials and Methods

Animal treatment
Muscle samples were obtained and processed as described in a previous report (Gaballah et al. 2016) . Briefly, pathogen-free 8-weekold male BALB/c mice were divided into five groups (control, 6, 12, 24 and 48 hours post-injury groups: n = 18 for each group). An incisional wound in the skin on the dorsal aspect of the left hind limb was created using a sterilized straight stainless scissor, and then a 5-mm long incisional wound was made at the biceps femoris muscle of the anesthetized mice. Subsequently the skin incision was closed using silk suture. At the specific designated time after injury, the wounded muscle tissue sample, 3 mm in thickness, with the site of incision in the center, was excised and control specimens of the biceps femoris muscle from euthanized non-injured mice were collected. All experiments were performed in compliance with the relevant Japanese and institutional laws and guidelines and approved by the Nagoya City University (NCU) animal ethics committee (authorization number H26-M02).
Multiplex bead-based immunoassay
The tissue lysis step using a lysis buffer (Tissue Extraction Reagent I, Invitrogen, USA) was performed according to the manufacturer's instructions. The muscle tissue samples (30 mg each, n = 8 for each group) were immediately homogenized in a 1.5 mL sterilized plastic tube on ice for 10 minutes using a motor-driven pellet pestle mixer (Fisher Scientific, USA) in the lysis buffer cocktail composed of 500 µL of Tissue Extraction Reagent I and 50 µL of protease inhibitor solution (SIGMA, USA). Tissue lysates were centrifuged at 10,000 g for 10 min at 4°C. The supernatant was then transferred to a new tube and stored at < -70°C. Approximately 1.5 mL of whole blood was also obtained from the heart using a 24 G syringe needle directly after euthanizing each animal. The blood samples were allowed to clot for 2 hours at room temperature. The samples were then centrifuged at 1,000 g for 10 min at 4°C, and serum was collected and stored at < -70°C.
Levels of cytokines in supernatants derived from muscle sample homogenates and serum samples at different time points were measured using a MILLIPLEX ® MAP Kit (MCYTOMAG-70K-9 plex, Merck Millipore, Germany). Assays were run according to the manufacturer's instructions. The samples were diluted with the diluent buffer provided with the kit. Absorbance was measured with the MAGPIX ® System (Merck Millipore), and the results expressed as pg/mL (quantitative lower detection limit: 3.4-611 pg/mL depending on each analyte) were analyzed using MILLIPLEX ® Analyst 5.1. The nine cytokines measured were IL-1β, IL-6, IL-7, CXCL10 (also known as interferon γ-induced protein 10: IP-10), CXCL1 (keratinocyte-derived chemokine: KC), CCL2 (monocyte chemotactic protein 1: MCP-1), CCL3 (macrophage inflammatory protein 1α: MIP-1α), CCL4 (macrophage inflammatory protein 1β: MIP-1β), and CXCL2 (macrophage inflammatory protein 2: MIP-2). These cytokines were selected based on the results of DNA microarray analysis (Gaballah et al. 2016) . All samples were analyzed in duplicate and mean values were employed. Statistical analysis of cytokine expressions between controls and each injured tissue sample was performed using the Shapiro-Wilk test and Steel-Dwass test. For all statistical analyses, P < 0.05 was considered statistically significant.
RT-qRT-PCR
The mRNA levels of five chemokines (mus musculus CCL2, CCL3, CXCL1, CXCL2, and CXCL10) were measured by RT-qRT-PCR. Extraction of mRNA and reverse transcription were conducted on 10 mouse muscle samples at each time point (total n = 50) as described in the previous report (Gaballah et al. 2016) . TaqMan ® Gene Expression Assays were performed with the following customdesigned primer set for each cDNA sequence (Applied Biosystems, USA): CCL2: Mm00441242 m, NM 011333.3, 74 bp; CCL3: Mm00441259 g1, NM 011337.2, 65 bp; and CXCL1: Mm04207460 m1, NM 008176.3, 111 bp; CXCL2: Mm00436450 m1, NM 009140.2, 67 bp; CXCL10: Mm00445235 m1, NM 021274.2, 59 bp. For glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as an internal standard, primers and probe were also supplied with TaqMan ® Gene Expression Assays (Mm0099999915 g1). RT-qRT-PCR was conducted following protocols discussed in the previous study (Gaballah et al. 2016) . Statistical analysis for the comparison of the cytokine mRNA level at different time points was performed as described above.
Results
Multiplex bead-based immunoassay
Results of examination of the muscle samples showed significant increases in the tissue levels of the six cytokines at 6 hours after injury, namely IL-1β, IL-6, CCL2, CXCL1, CXCL2, and CXCL10 (Fig. 1a, b, d, g-i) . The elevated tissue levels of these six cytokines were maintained during 48 hours after injury, although the levels of IL-6 and CXCL1 were significantly decreased at 12 hours after injury. The three remaining cytokines, IL-7, CCL3, and CCL4, showed the unique time-dependent changes. The levels of IL-7 and CCL4 were significantly increased only at 48 hours after injury (Fig. 1c, f) . In particular, the levels of IL-7 remained below the detection limit during 24 hours after injury. The increase of CCL3 levels became obvious only at 12 hours after injury (Fig. 1e) . The significant increase at 48 hours after injury was also observed in CCL2 and CXCL2 levels (Fig. 1d, h) . Values of the logarithmic mean concentration of each cytokine at each time point are listed in Table 1 .
The examination of the serum samples revealed that Fig. 1 . Semi-log graphs of protein levels of the cytokines in injured muscle. a: IL-1β levels significantly increased at 6 hours after injury and then remained constant throughout the period observed. b: IL-6 levels increased rapidly, followed by a significant decrease from 6 to 12 hours after injury. c: IL-7 levels remained below the detection level (20.4 pg/mL) until 24 hours followed by an increase at 48 hours after injury. d: Concentration of CCL2 protein increased promptly at 6 hours after injury, and another augmentation of expression was observed at 48 hours after injury. e: An increase of CCL3 concentration became obvious at 12 hours after injury, and then fluctuated. f: CCL4 levels increased significantly from 24 to 48 hours. g: CXCL1 levels increased promptly followed by a significant decrease from 6 to 12 hours after injury. h: Concentration of CXCL2 protein increased at 6 hours after injury, and another enhancement of expression was seen at 48 hours after injury. i: An increase of CXCL10 level persisted until 12 hours after injury, and then became relatively constant. Lack of an error bar at the time points implies that the concentration was below the detection limit (21.6 pg/mL for IL-6, 611.0 pg/mL for CCL2, and 26.6 pg/mL for CXCL10, respectively) and the values plotted on the graphs indicate the half value of the detection limit. *P < 0.05.
CXCL1 was the only cytokine that showed an increase in serum levels at 6 hours and then showed a decrease to the basal levels at 12 hours after injury (Fig. 2g) . Importantly, serum levels of IL-6 remained unchanged during 48 hours after injury (Fig. 2b) . The serum levels of the seven other cytokines showed only late increases from 24 to 48 hours after injury (Fig. 2a , c-f, h, i). Serum levels of the logarithmic mean concentration of each cytokine at each time point are listed in Table 2 .
RT-qRT-PCR analysis
We also analyzed the time-dependent changes in the expression levels of CCL2, CCL3, CXCL1, CXCL2, and CXCL10 mRNAs, because they were not analyzed in our previous study (Gaballah et al. 2016) . The RT-qRT-PCR results are summarized in Table 3 , together with the reported expression profiles of IL-1β, IL-6, IL-7, and CCL4 mRNAs (Gaballah et al. 2016) . Overall, the expression levels of all listed cytokine mRNAs were significantly increased in muscles at 6 hours after injury and were maintained at the elevated levels during 48 hours, except for the expression levels of IL-7 mRNA, with the significant increase at 12 hours (Gaballah et al. 2016) . The detailed expression profiles of cytokine mRNAs are summarized in Table 3 .
We also measured the cytokine levels in the biceps femoris muscle of contralateral side (the right side) of the injured mice, because obtaining a parallel control is unrealistic in forensic situations. However, there were no noticeable increases in the cytokine levels (data not shown).
Discussion
The cytokines analyzed in the present study are all involved in the pathways of inflammatory response and tissue injury (Kelder et al. 2012; Romagnani et al. 2006; Kutmon et al. 2016) , and the expression of most of cytokine was significantly upregulated after the skeletal muscle injury.
As early and acute responders, protein expression of IL-6 and CXCL1 in injured muscle tissues significantly increased during the first 6 hours after injury, followed by a rapid decline. IL-6, as a myokine, plays an important role in initiating muscle regeneration and growth by stimulating myoblasts and satellite cell proliferation, and myotube formation that promotes myogenesis (Munõz-Cánoves et al. 2013) . On the other hand, the release of CXCL1 from stimulated endothelial cells (Wen et al. 1989 ) may explain its rapid and high release immediately after injury infliction. Also, it was noted that CXCL1 can be released from activated or mechanically stimulated muscles, which can initiate specific immune responses in injured muscle with subsequent muscle regeneration (Tidball and Villalta 2010) .
The results of protein immunoassay of muscle samples showed a significant increase of IL-1β concentrations throughout the post-injury periods. IL-1β plays various roles in the repair process of injured muscle (Authier et al. 1999) , and its mRNA expression in an incised skin wound model showed a peak level of expression at 3 days after injury (Sato and Ohshima 2000) . Therefore, IL-1β could be a late phase marker for muscle wound aging. On the other hand, IL-7 is considered as a myokine that increases myogenesis and migration of satellite cells, which would help in the healing of injured muscle (Aoi and Sakuma 2013) . IL-7 in the muscle tissue showed the unique expression profile; namely, its tissue levels remained below the detection limit during 24 hours after injury, followed by significant expres- Table 2 . Mean concentration of each cytokine in serum at each time point (pg/mL, n = 8 for each group).
IL-6*, CXCL1, CXCL2: Significantly increased at 6 hours after injury, followed by a significant decrease at 12 hours, but maintained at the elevated levels during 48 hours.
CCL2, CCL3, CXCL10: Significantly increased at 6 hours after injury and maintained at elevated levels during 48 hours.
IL-1β*, CCL4*: Significantly increased at 6 hours after injury and maintained at the elevated levels during 48 hours, but with a significant decrease at 48 hours.
IL-7*:
Significantly increased at 12 hours and continuously increased during 48 hours. Table 3 . Summary of the expression profile of each cytokine mRNA in muscle tissue after injury.
*Reported in the previous study (Gaballah et al. 2016 ).
sion at 48 hours (see Fig. 1c ). Consistently in part with the delayed increase in IL-7 protein levels, the expression level of IL-7 mRNA was significantly increased at 12 hours and further increased at 48 hours (Gaballah et al. 2016) (Table  3) . These results indicate that IL-7 is a good late-phase marker for wound aging of the muscle. Another later responder was CXCL10 (Fig. 1i) , which has a regenerative and angiogenic function during muscle healing (Shireman 2007) . CCL2, CCL3 and CCL4 trigger potent proliferative effects on myoblasts which significantly affect the healing process after infliction of skeletal muscle injury (Yahiaoui et al. 2008) . In case of CCL4, its protein expression was significantly increased only at 48 hours after injury. The increase in protein expression in the later phase was also detected in CCL2. By contrast, CCL3 protein levels in muscle tissues were increased to a peak at 12 hours. Thus, CCL2 and CCL4 could be characterized as late phase markers of muscle injury. Serum levels of most cytokines, except for CXCL1, Fig. 2 . Semi-log graphs of serum levels of the cytokines. Serum levels of 7 cytokines, namely IL-1β (a), IL-7 (c), CCL2 (d), CCL3 (e), CCL4 (f), CXCL2 (h), and CXCL10 (i), showed a late increase from 24 hours to 48 hours after injury. Levels of IL-6 (b) remained unchanged during 48 hours after injury. CXCL1 (g) showed an increase in concentrations at 6 hours, and then decreased to the basal levels at 12 hours after injury. *P < 0.05.
were relatively stable during 24 hours after injury, followed by a mild but significant increase. Importantly, serum CXCL1 levels were increase at 6 hours after injury and rapidly decreased to the basal levels at 12 hours (Fig. 2g) . These changes also support that CXCL1 is a good earlyphase marker for estimating wound aging. Various studies have revealed that the release of proinflammatory cytokines into systemic circulation is usually inhibited, and many inhibitory mechanisms have been suggested, including counter release of inhibitory cytokines and cytokine receptors to limit the systemic inflammatory response (Pedersen and Hoffman-Goetz 2000) . Therefore, the local muscular environment should not directly affect the levels of muscular markers in systemic circulation. In addition, expression of the cytokine mRNA was barely elevated in the biceps femoris muscle of contralateral side (the right side) of the injured mice (data not shown). Hence, the systemic environment should have little effect on the local dynamics of the injury-related cytokines. Thus, these cytokines would be available as local markers for pathological and clinical evaluation of injuries.
The data obtained in the present study might be applicable to the blunt force injuries that are much more common in actual cases than sharp force ones. However, in our incised injury model, an earlier increase in IL-6 and IL-1β mRNA expression was observed compared with that in the contusion model (Perl et al. 2003; Gaballah et al. 2016) , suggesting that expression of the cytokines would be dependent on the type of injury. Although quantification and standardization of the forces or damage is somewhat complicated in the case of blunt injuries, further investigation is needed to fully understand the dynamics of cytokines after muscle injuries. Also, in practical forensic settings, factors related to local or systemic infection, which were controlled in the present and most reported studies on wound aging performed in sterilized conditions, must be taken into account, as well as the subject's general status, to evaluate the dynamics of cytokines following inflammation (van der Laan et al. 2001; Cecchi 2010) .
The present study highlights the expression profiles of cytokines using protein immunoassay for detection of new reliable markers for forensic wound age estimation in incised skeletal muscle wounds. Most of the cytokines investigated in this study showed rapid increase in the protein levels, and their elevated levels were maintained during 48 hours after injury. In particular, CXCL1 and IL-7 would be reliable indicators for wound aging in the early and late phases, respectively.
